The Emmaville-Torrington emeralds were first discovered in 1890 in quartz veins hosted within a Permian metasedimentary sequence, consisting of meta-siltstones, slates and quartzites intruded by pegmatite and aplite veins from the Moule Granite. The emerald deposit genesis is consistent with a typical granite-related emerald vein system. Emeralds from these veins display colour zonation alternating between emerald and clear beryl. Two fluid inclusion types are identified: three-phase (brine+vapour+halite) and two-phase (vapour+liquid) fluid inclusions. Fluid inclusion studies indicate the emeralds were precipitated from saline fluids ranging from approximately 33 mass percent NaCl equivalent. Formational pressures and temperatures of 350 to 400 • C and approximately 150 to 250 bars were derived from fluid inclusion and petrographic studies that also indicate emerald and beryl precipitation respectively from the liquid and vapour portions of a two-phase (boiling) system. The distinct colour zonations observed in the emerald from these deposits is the first recorded emerald locality which shows evidence of colour variation as a function of boiling. The primary three-phase and primary two-phase FITs are consistent with alternating chromium-rich 'striped' colour banding. Alternating emerald zones with colourless beryl are due to chromium and vanadium partitioning in the liquid portion of the boiling system. The chemical variations observed at Emmaville-Torrington are similar to other colour zoned emeralds from other localities worldwide likely precipitated from a boiling system as well.
Introduction
The Emmaville emerald occurrence was the first financial viable emerald producer in Australia discovered close to the small tin mining town of Emmaville in north-eastern New South Wales (Figure 1 ). Mining operations during the period of 1890 and 1908 resulted in 28 000 carats of emerald being mined [1, 2] . From 1908 to 1963, periodic mining occurred; however, during 1963 and 1964, unknown quantities of good quality emeralds and beryl were recovered [1, 3] . Much of the material extracted from the mine was too pale in colour and only a small amount was of value. The overall low quality and the difficult separation of the gem undamaged from its hard matrix precluded any financial viability. The majority of emeralds found were under 1 carat in weight, with the largest stone weighing 60 carats (however, containing several imperfections) [1, 2, 4] . Details of the complete mining history of the area have been described by Mumme, and Brown. During the early 1990s, a small deposit of emeralds, of quite surprising quality, was discovered in a well decomposed pegmatite located under an unsealed road near Torrington, a former tin mining village located approximately 10 km east of Emmaville's historic Emerald Mine. The emerald from this locality displayed yellow-green colours and were also sufficiently transparent. The largest stone that was extracted from the mine weighed 73 carats and was a flawless, yellow-green colour [4] . Mining operations were conducted under great secrecy at Torrington, and the discovery is now considered exhausted.
Geologic Setting
The Emmaville occurrence is situated in the Paleozoic New England fold belt [1, 5] , in eastern Australia. The New England fold belt contains three structural elements, consisting of two fold and thrust belts on the eastern and western side of a granitic batholith. Two tectonized serpentine belts represent the contact zones between the granite and the fold and thrust belts. The ultramafic rocks would be the most likely host for emerald; however, the emerald in this locality is hosted within a Permian sedimentary sequence, consisting of siltstones, slates and quartzites, intruded by pegmatite and aplite from the nearby Moule Granite (Figure 1 ), which comprises part of a larger granitic batholith within the New England fold belt. The intrusion of the pegmatites occurs along north-east to south-west joint systems [1] . An irregularly shaped lode dips in a north-east to south-west direction at the Emerald Mine from the Moule granite stock. This emerald-bearing lode consists of a quartz, topaz, feldspar and mica pegmatite, and ranges from 50 mm to 1 m widths. According to [1] , the emeralds occur irregularly, as 'bunches', in the pegmatite. They are commonly strongly embedded in cavities and often surrounded by dickite in the quartz-topaz vein rock. Other minerals associated with emeralds in the lode are cassiterite, fluorite, arsenopyrite, wolframite, huebnerite, ferberite, and quartz [1] . In the Torrington locality, emerald was recovered from the Heffernan's Wolfram mine, approximately 5 km northwest of the town of Torrington and 40 km north of Emmaville (Figure 1 ) [5] . The emerald occurs in a decomposed pegmatite lode about 30 cm wide with vugs of quartz, feldspar, biotite, and wolframite.
Emerald Composition
The emerald crystals from these deposits are strongly colour zoned parallel to the basal pinacoid (0001), and to a lesser extent parallel to the hexagonal prism (1010) [6] . Colour zoning is so strongly developed that these emeralds consist of alternating bands of green to greenish yellow emerald and colourless beryl ( Figure 2 ). These bands vary in thickness from several micrometers to several millimeters and the boundaries between the emerald and colourless beryl are generally sharp and continuous.
Electron microprobe analyses were conducted along set traverses perpendicular to the growth zones ( Figure 3 ). Using backscattered electron (BSE), the oxide concentrations for Cr, V, and Fe are shown in an electron microprobe traverse across a number of growth zones. The finelylayered growth zones perpendicular to the c-axis of the crystal are clearly delineated in the backscattered images, where the dark bands correspond to colourless beryl, and the lighter bands correlate to the green bands of emerald. There is a good agreement between Cr and V concentration with a relatively poor correlation between these elements and Fe. Overall, the emerald from the Emmaville occurrence is chromium dominant, with the colour zones in the emerald crystal supporting chemical variations that result in the observed colourless beryl and green emerald zones. Since substitution occurs at the Y site in the crystal structure of beryl, the variations in colour are attributed to complicated substitutions at this site and/or slight variations in fluid composition, with values of Cr 2 O 3 , V 2 O 3 , and Fe 2 O 3 , ranging up to 0.59, 0.13, 0.33 mass percent respectively. The concentrations of Fe, Cr, and V have been plotted relative to emerald analyses worldwide ( Figure 4 ). There is a slight difference between the elemental concentrations from this study and past data [1, [7] [8] [9] . However since emerald from these deposits is quite zoned and vari- able in chemical composition, it is likely that the variation between our data and the literature data reflects deposit scale variation in the major chromophores, chromium and vanadium. The more chromium-rich zones of the crystal are plotted in dark and the colourless beryl in light on Figure 4 . It is easily identifiable that the concentrations of Cr have resulted in this spread in the data. Notably, the deposit shows some overlap with deposits in Madagascar, Pakistan, Colombia, and other Australian emerald in the Poona region and at Menzies, both in Western Australia. Selected cation concentrations relative to Al and Mg+Mn+Fe respectively are plotted as Figures 5 and 6 . There is a difference between the colour zonations highlighted by the cation concentrations versus Al, as substitution occurs at this site with varying compositions of chromium and vanadium. The values for MgO and Na 2 O are extremely low for the Emmaville and Torrington emeralds and may be considered as an additional characteristic property of the deposit. These values are quite similar to the Byrud emerald deposit in Norway and emeralds from Delbegetey, Kazakhstan [9, 10] .
Cathode luminescence (CL) studies ( Figure 7 ) were used to complement the BSE imagery. CL shows greater detail within the emerald crystal with the light bands corresponding to the same light bands in BSE and therefore, is indicative of higher Cr and V rich zones or emerald bands on the worldwide emerald compositions from literature data compiled in [9] . Data are normalized from mass percent microprobe analyses (Table 1) , with Fe data reported as FeO. 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 in the crystal. It is evident that there is finer growth zones within what were originally larger growth zones in BSE imaging. Minor chemical differences within the same growth zones are also observed. Lastly, disrupted zoning and irregularly shaped zones indicate emerald precipitation, dissolution and subsequent re-precipitation of the more parallel outer growth zones. Brazilian twinning [11] is also observed in the emerald crystal ( Figure 7) showing intersectorial zoning, which could also be due to chemical starvation during quick growth of the crystal.
Fluid Inclusions
Fluid inclusions studies on the Emmaville emeralds identified two dominant Fluid Inclusion Types (FITs). The first is a two-phase (vapour+brine) assemblage. The second FIT is composed of three-phase (brine+vapour+halite±solid) fluid inclusions. The fluid inclusions in the samples studied occur as planes of inclusions along healed fractures, growth zones or as isolated inclusions. There is an abundance of growth zones observed in the zoned emerald, and it was possible to conclusively identify primary fluid inclusions from both FITs, based on timing relationships between fluid inclusions and mineral growth characteristics [12] [13] [14] . Both FITs were also identified as pseudosecondary inclusions cutting growth zones, indicating a protracted occurrence of both FITs during emerald growth. The two-phase FIT comprises inclusions consisting of a brine and vapour bubble. The dominant phase is the gaseous phase that occupies approximately 85% of the fluid inclusion volume, whereas the aqueous brine represents the remaining 15% of the volume, at room temperature. The inclusions display consistent phase proportions, generally, and range up to 210 microns in size. The second observed FIT consists of three-phase inclusions with a brine, vapour bubble, halite cube. Additionally rare birefringent minerals are observed. As they are not consistently present in all inclusions and do not dissolve during heating, they can be considered as accidentally trapped solids. The main phase in the three-phase inclusions is the aqueous brine that constitutes approximately 45% of the fluid inclusion volume, with 30% volume in the vapour phase and remaining 25% volume halite cube. These fluid inclusions can range up to 80 microns in size, and display consistent phase proportions. The growth zones in the emerald are easily identifiable in transmitted light and defined by both FITs in the sample studied ( Figure 8 ). Thus both FITs are considered to be contemporaneous with the emerald formation based on petrographic relationships of the fluid inclusions and the growth zones.
Fluid inclusions within quartz coexisting with the emerald display consistent fluid compositions to the FIAs observed within the zoned emerald crystals. The lack of growth zones within the quartz precluded the identification of primary fluid inclusions within the quartz, thus this study concentrated on fluid inclusions that could be unequivocally petrographically related to the colour zonation within emerald.
Microthermometry
Rapid cooling of the primary two-phase fluid inclusions from room temperature, results in the nucleation of ice at approximately -55 • C. Upon further cooling to -160 • C, no other phase changes were observed. Heating the inclusions from this temperature resulted in the first melting of ice over the temperature range -30.3 to -21.7
• C. This range in eutectic temperatures would indicate another gas or chloride species is present in the fluid inclusions. No compressible gases were detected and thus we deem it more likely that there are additional chloride species present. Further heating resulted in the final ice melt temperatures which range from -6.5 to -2.5
• C. Heating the inclusions from room temperature resulted in marginal increases in the size of the vapour bubbles. As the vapour bubble expanded towards the edge of the inclusions it obscured the final homogenisation of the fluid inclusions and thus the homogenization temperatures (Table 2) were determined based on the last remaining visible portions of the liquid prior to the meniscus being totally obscured by the fluid inclusion walls [14] .
Upon rapid cooling from room temperature to -180
• C, the three-phase FIT nucleated ice over the range -50 and -30
• C. Heating to room temperature resulted in final ice melting temperatures over the range -30 to -20
• C. Heat- Figure 8 . Photomicrograph of an assemblage of (a) primary twophase fluid inclusions occurring within and parallel to banding/growth zones in colourless beryl (brl), (b) pseudosecondary three-phase fluid inclusions occurring along a healed fracture in colourless beryl, (c) primary threephase fluid inclusions occurring within and parallel to banding/growth zones in emerald (em). In addition to the halite cube, a vapour bubble and a halite saturated liquid defines this assemblage for this fluid inclusion population. Some inclusions also contain a rare accidental birefringent (biref) mineral inclusion. Photos taken in plane polarised light. ing the inclusions from room temperatures resulted in the volume of both the vapour bubble and halite cube decreasing until final homogenization into the liquid phase. These temperatures ranged from 209 • C to 231
• C for the halite dissolution (Liquid + Halite → Liquid) and 367
• C to 409
• C for the vapour bubble homogenisation (Liquid + Vapour → Liquid). The halite melting temperatures measured in the three-phase inclusions correspond to a range of salinities from 32.2 to 33.6 mass percent NaCl equivalent and define a normal distribution (Figure 9 ). Due to fluid inclusion stretching, decrepitation, and damage, homogenization temperatures are falsely elevated and temperatures in excess of 400
• C were not measured, and the final vapour homogenization to the liquid phase could not be determined precisely in some inclusions. The most common case of post-entrapment volume changes within our fluid inclusions is stretching. This was documented by comparing photographs, taken at room temperature, of vapour bubble volume within an inclusion prior to and after heating runs. If the volume of the vapour bubble increased this was interpreted as stretching of the fluid inclusion. Fortunately, not all inclusions within the FIT stretched and we were able to estimate fluid inclusion molar volumes from the unstretched inclusions, as heating beyond 400
• C might risk stretching or decrepitating other fluid inclusions within the sample. For the purposes of the study, inclusions showing falsely elevated homogenisation temperatures due to stretching or any evidence of post-entrapment changes were not used for pressure-temperature determinations.
The rare birefringent phases present alongside to the liquid, vapour and halite did not melt upon heating and are therefore classified as accidentally trapped solids. Due to the small size of these accidental inclusions and suboptimal optics within the inclusions, it was difficult to identify what is the nature of these minerals in the threephase FITs. Raman spectroscopy was unsuccessful in identifying the accidental trapped solids due to the high background fluorescence of the host emerald.
Stable Isotopes
Beryl crystallises in the hexagonal system and is structured with interconnected six-membered rings of silica tetrahedra producing channels that parallel the c-axis. The channels accommodate a range of aqueous fluids and dissolved cations that maintain charge balance within the beryl. The fluids trapped within the channel contribute minimally to the overall δ 18 O of the beryl host but contain the only hydrogen as molecular H 2 O within the beryl structure and represent the original formational fluid in equilibrium with the beryl during crystallization [15] . Extraction and trapping of the channel fluids above 800
• C and subsequent δD analyses have been used in conjunction with δ 18 O analyses of the beryl to distinguish between different emerald deposits, determine fluid source and deposit type [16] . Hydrogen and oxygen stable isotope ratios from emerald channel fluids at Emmaville (Table 3) yield δ 18 O values ranging from 10.8 to 12.4%¸and δD values from -79 to -103%¸relative to VSMOW international standard. These values are consistent with the δ 18 O-δD signature of highly evolved peraluminous granitic rocks with contribution from sedimentary rocks (Figure 10 ).
The limited δ
18 O V −SMOW data for quartz and beryl (Table 3) yield quartz-beryl fractionation values for the Emmaville emerald occurrence in excess of geologically feasible temperatures using the empirically derived equation of [19] . These high temperatures may be related to variations in the emerald due to colour zonation and are discussed below. 18 O for the Emmaville-Torrington emerald (stars; grey stars from [9] superimposed upon data from a number of world localities compiled in the literature by [9, 16] . The isotopic compositional fields are from [17] including the extended (Cornubian) magmatic water box (grey). MWL=Meteoric Water Line, SMOW=standard mean ocean water.
Pressure Temperature Constraints
Halite melting temperatures correspond to salinities of approximately 33 mass percent NaCl equivalent. An idealized fluid inclusion isoplethic section was constructed based upon three-phase FIT final homogenization temperatures into the liquid and corresponding salinities [20, 21] . Since there are two co-existing fluid phases present in the emerald from Emmaville-Torrington, the pressure of entrapment can be determined from the measured homogenisation temperatures and salinities. The relatively consistent phase ratios and lack of observed halite-dominant three-phase FIT suggests the majority of the EmmavilleTorrington three-phase FIT were likely trapped in a onephase or liquid only stability field for a 33 mass percent NaCl solution (Figure 11) . Similarly, from fluid inclusion and petrographic observations, it can be deduced that the two-phase FITs were trapped predominantly in the vapour only stability field (Figure 11 ). Experimental data for the NaCl-H 2 O system are consistent with the vapour phase of a 33 mass percent NaCl system containing virtually no NaCl. An astute reader will notice that our vapour rich fluid inclusions contain up to 5 mass percent NaCl. Thus we interpret our vapour dominant fluid inclusions as representing a trapped mixture of predominantly vapour and some residual saline brine. This is also consistent with the slightly elevated homogenisation temperatures recorded for our vapour rich fluid inclusions over those observed in the three phase fluid inclusions. Liquidi and iso-T lines for the H 2 O-NaCl inclusions having 30 and 40 mass percent salinities of NaCl [22] were used to interpolate the 33 mass percent isopleth used for this study. From microthermometry, the temperature conditions ranging from 367
• C and 409
• C are used in relation to halite melt temperatures to determine the pressure of entrapment of co-existing vapour and liquid phases of the boiling system. An average homogenisation temperature of 380
• C for a 33 mass percent NaCl solution was plotted using data from [23] and [24] in PX space (Figure 11 ). Similarly the low salinity vapour-rich fluid inclusions hosted in the clear beryl bands of the zoned emerald crystals, plot on the vapour rich side of the 380
• C solvus in figure 11 . This strongly suggests that the two FITs represent conjugate fluids of a boiling system, and we deem this the only geologically reasonable scenario to explain the fluid inclusion data. These fluid inclusion microthermometric observations and subsequent interpretations result in being able to place some constraints on the emerald formation based on boiling of the system to approximate temperatures of greater than 367
• C and pressures over 150 bars. Figure 11 . Pressure-Mass % NaCl plot of solvi at 380, 500, 600
• C, and various phase stability fields for an aqueous-saline system. The liquid rich portions of the Liquid-Vapour (L+V) solvi and the positions of the Liquid-Vapour-Halite (L+V+H) curve are from [23] . The halite saturated vapour curve (V+H) and the vapour rich portions of the L+V solvi are from [24] . The conjugate vapour and liquid compositions that best approximate the EmmavilleTorrington fluid compositions at 33 mass percent NaCl are shown as dashed lines.
Discussion
The majority of emeralds worldwide are formed by a Berich fluid interacting with a source of Cr (±V). A common classification scheme for emerald deposits are split between a Type 1 deposit related to a granitic intrusion and Type 2 deposits controlled by tectonic structures [25, 26] . Most emerald deposits fall in the first category and are subdivided on the presence or absence of schist at the contact zone. Type 2 deposits are subdivided into schists without pegmatites and black shales with veins and breccias [25, 26] . The Emmaville-Torrington emeralds are categorized as a Type 1 deposit, whereas surrounding rocks are metasediments rather than schists. The most common example of emeralds deriving Cr and V chromophoric material from sediments are the world's largest and richest emerald deposits at Muzo, Colombia [27, 28] . However, the geological environment at Emmaville and Torrington is more similar to the Byrud emerald deposit in Norway. These two deposits share many characteristics: (1) contain low concentrations of Na 2 O and MgO, (2) formed in pegmatite sills which intrude alum shale, (3) associated minerals include quartz, feldspars, micas, fluorite, topaz, cassiterite, wolframite, and arsenopyrite, (4) strong colour zonations parallel to the basal plane and (5) presence of both vapour-dominate and halite bearing fluid inclusions [29, 30] . The main difference between the two is the Emmaville deposit contains more chromium than vanadium (<0.1 mass% V 2 O 3 ) (Figure 4 ) and Byrud has minor amounts of CH 4 in the fluid inclusions [30] . Notably, similar emerald banding is also observed from the emeralds in Namibia, specifically from the Erongo Mountains and Leydsdorp in South Africa [31] .
The formation of the observed colour bands at Emmaville and Torrington are related to the activity of chromium partitioning in the liquid phase of the boiling system. During the growth of this crystal, the two phase FITs consistent with the colourless beryl zones represent periods when the beryl was deposited from a vapour, when the L+V interface dropped, and the area previously occupied by the liquid portion of the system would be predominantly within the vapour field ( Figure 12A ) of the boiling system. The three-phase FITs found within the green zones of the crystal represent conditions where the liquid portion of the boiling system precipitated emerald, and resulted in the trapping of liquid-rich three-phase FIT ( Figure 12B ). As these inclusions were trapped consistently within the chromium-rich (or emerald) zones, this would indicate an increased activity of Cr and V within the liquid portion of this boiling system. Our petrographic observations of fluid inclusion compositions hosted within quartz are also consistent with our proposed model of boiling being the mechanism for the colour zonation within the Emmaville and Torrington emerald, but the lack of growth zones within the quartz limit any applicability of any microthermometric measurements of the quartz hosted fluid inclusions beyond the general petrographic observation that the quartz hosted fluid inclusion compositions represent potential mixtures of a range of the two endmember fluid inclusion populations observed in the emerald.
That fluid inclusions are trapped in both the clear and the emerald growth zone of the crystal and that these zones are petrographically related to the vapour-rich and liquid-rich portions of a boiling system, would indicated that both fluids were saturated with respect to beryl even at relatively low temperatures. Studies [32] at higher temperatures are consistent with beryl saturation in melt and fluid inclusions, and our observations are consistent with beryl saturation to temperatures as low as 350
• C in both the liquid and vapour portions of a boiling saline brine.
Limited sample material and δ 18 O emerald and quartz analyses from the Emmaville deposit precludes a detailed discussion of the excessive temperatures obtained from quartz-beryl oxygen isotope thermometry. However, the detailed fluid inclusion and emerald chemistry on the zonation within these emeralds would indicate that the emerald bands within the studied crystals were precipitated from the liquid portion of a boiling system and that Figure 12 . Schematic representation of co-existing liquid and vapour phases in a saline fluid within a vein/fracture system. A) represents conditions where a beryl (white) growth zone in the upper portion of the vein is precipitating from the vapour phase and an emerald (grey) growth zone is precipitating from the liquid phase in the lower portion of the vein. B) Schematic representation of the case where the liquid-vapour interface has risen within the vein system, and now an emerald (dark grey) growth zone is precipitating on both crystals. As the liquid-vapour interface within the vein system ascends and descends, the crystals will have new growth zones of emerald or colourless beryl being precipitated, depending upon whether precipitation occurs from the liquid or vapour respectively.
the clear zones where precipitated from the vapour portion of the boiling system. The grain and sample size for the δ 18 O emerald analyses is limited to a few small grains and the grains are too small/thin to determine colour and thus zoning. We postulate that the range in δ 18 O values for the emerald (δ 18 O) may be due to mixtures of green (emerald) and clear beryl. This issue may be resolvable via δ 18 O analyses employing a secondary mass spectrometer but is beyond the current scope of this study. The δD analyses were performed on a much larger amount of sample material and thus the channel fluids extracted probably represent an average of the fluids trapped in both clear and green zones, and these data are thus more applicable to deposit genesis (Figure 10 ).
Conclusions
The Emmaville-Torrington emerald deposits are Type 1 emerald deposits, with metasediments at the contact zone. This sedimentary sequence is the source of chromium and vanadium which interacts with the beryllium supplied by the pegmatites and aplites of the Moule Granite. Stable isotope channel waters from the emerald sample confirms genesis from dominantly magmatic fluids with minor contribution from sedimentary source(s). The distinct emerald banding observed is due to emerald/beryl growth in the liquid and vapour portions, respectively, of a boiling system. Stable isotopes are likely consistent within individual growth bands, and inconsistent across the alternating growth zones. The emerald zoning is interpreted to be due to variations of a liquid-vapour interface in a boiling system unlike many emerald deposits whose consistent colours are likely the result of precipitation from a homogeneous fluid phase. Microprobe analyses determined that increases in chromium and vanadium content are observed in the emerald zones of the crystal. Furthermore, there is a good correlation between BSE and cathode luminescence images with increased chromium and vanadium content. The fluid inclusion studies provided information of the composition, and minimum temperature and pressure conditions of greater than 367
• C and pressures over 150 bars for a 33 percent mass saline fluid. Both FITs are considered to be contemporaneous with the beryl precipitation based on petrographic relationships between growth zones and fluid inclusions. These two fluid inclusion populations represent conjugates of a two-phase boiling system, with the slightly elevated salinities in the vapour rich fluid inclusions resulting from minor mixing of a vapour-dominant fluid with residual saline brine adhering to crystals or leaking from nearby fractures in the wall rock. From the petrographic work and microthermometry it is proposed that beryl saturated and precipitated both in the liquid and vapour stability fields. However, Cr, V and Fe enrichment was in the liquid portion of the boiling system and the emerald bands probably precipitated from the liquid portions of the boiling system. Other emerald deposits worldwide that display emerald banding, have likely experienced a similar model of formation comparable to the Emmaville and Torrington deposits.
